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The purpose of this study was to investigate
with high resolution autoradiography, the bio-
synthesis and intracellular transport of melanin
within the mammalian pigment cell. The site of
melanin synthesis within the pigment cell has
been a topic of controversy for many years (1),
and many diverse cell areas and organdies have
been proposed as likely candidates (2—9). De-
spite much work the problem remains un-
settled.
Recently, autoradiography has served to
localize biosynthetic reactions within cells and
has significantly contributed to this field. Dur-
ing the past few years a new technic, electron
microscopic autoradiography has appeared and
promises to add even greater resolution and
visual perception to defining the sites and the
flow of biochemical reactions within single cells
(10, 11). The main advantage of the technic of
high resolution autoradiography is the in-
creased degree of resolution which it gives over
ordinary autoradiographic methods. By means
of high resolution autoradiographie technics it is
possible to localize the incorporation of radio-
active precursors into cells or cell organelles.
Thus it is possible to visualize the sites of in-
corporation of a tritiated amino acid into a
polypeptide. One can now study, with better
resolution than previously possible, the intra-
cellular synthesis of the precursors of the
melanin granule and trace their subsequent
fate, as they become incorporated into the
melanosome.
To achieve our aim, mice bearing "old"
Cloudman S-91 melanomas were injected intra-
peritoneally with tritiated tyrosine or dopa and
the fate of the radioactive label followed in the
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melanomas by high resolution autoradiogra-
phy. The results have led us to the conclusion
that, in this particular tumor, the initiation of
melanogenesis takes place in the endoplasmic
reticulum of the melanocyte. The labeled
product subsequently moves to the Golgi com-
plex and finally to the melanin granule.
MATERIALS A.ND METHODS
Tumor and animals. The Cloudman S-91 mela-
noma variant used in these experiments was ob-
tained from Microbiological Associates, Inc., Be-
thesda, Md., as a transplant carried in MAI-DBA/2
female mice. The tumor line carried the designa-
tion S-91 111/2, and had been reestablished in
mice following passage of the S-91 cells in tissue
culture. The tumor was maintained in our labora-
tory by serial subcutaneous trocar transplantation
into female DBA/2 (Bi) strain mice at approxi-
mately 3 to 3½ week intervals.
Injection of tritiated substrates. Tumor-bearing
mice were injected with tritiated tyrosine or dopa,
the tumors removed at various intervals, and the
localization of the label determined. Tritiated
Dl-3, 4 dihydroxyphenylalannine (dopa), specific
activity 224 me/mM, and tritiated DL-tyrosine,
specific activity 431 me/mM were used. Dopa
was dissolved in sterile physiological saline, tyro-
sine in N/60 NaOH; between 500 and 600 /LC of
radioactivity were injected intraperitoneally per
animal. Either substrate or solvent only were used
and the animals were sacrificed at 6, 24, 48, and
96 hours and 5 days after injection of the iso-
topes.
Electron Microscopic Autoradiography. A]l tis-
sues were fixed in osmium tetroxide, buffered to
pH 7.4 with veronal-acetate buffer, dehydrated in
alcohol and embedded in Epon 812. Sections were
cut with a Porter-Blum microtome, using glass
knives, and mounted on formvar-coated grids.
The formvar was coated with a thin layer of
evaporated carbon before the sections were picked
up (13).
In the main, the technic for coating the sections
with emulsion was that employed by Hay and
Revel (14). Their criterion, i.e. not more than
10 developed silver grains per oil immersion field,
was used to judge the suitability of the emulsion
for coating the radioactive sections. A second
slide of each pair was left undeveloped after dry-
ing and examined under oil immersion for eveness
of the silver bromide coating. If the two test slides
indicated a satisfactory emulsion, the slides bear-
ing the grids with radioactive thin sections were
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dipped one by one in the same batch of emulsion.
After dipping, each slide was held by a plastic
spring-type clothespin in a light-tight wooden box
containing a quantity of Driarite. After all slides
bearing thick sections or grids had been in the
drying box for one hour, they were transferred to
black Bakelite slide boxes, the covers were sealed
against light leaks by pressure-sensitive tape and
stored in a refrigerator at about 4°C for exposure.
Beginning at 3 weeks after coating, slides contain-
ing the thick sections were removed, developed,
fixed and washed as above and after drying, were
stained for several minutes in 1.0% aqueous tolui-
dine blue at 60°C. and then examined under oil
immersion. If study of the thick sections sug-
gested that some labeling had taken place, some
slides bearing grids with thin sections were de-
veloped in the same way. The grids were removed,
stained with uranyl acetate for two hours, rinsed
with distilled water and examined in an RCA
EMU-3F electron microscope or in a Siemens Elm-
iskop I.
Localization of the isotope and measurement of
cell components (Topographic Planime try). Local-
ization of the radioactive label was determined by
grain counting in over 500 electron micrographs;
the prints were selected randomly and without bias
as to the intracellular localization of the grains(15). Counts in relation to the position of a cell
organelle were done using Caro's criteria: when
a grain was on or within 1000 A of a cell organelle,
it was considered as having originated from that
cell organelle (11). The area occupied within the
cell by each organelle was determined by top-
ographic planimetry (15). Measurements were
done with a Keuffel and Esser compensating polar
planimeter reading directly in square inches.
RESULTS
The melanoma used varies in color from light
to black, being distinctly more black in older
tumors although differences in color may occur
within the same tumor. When seen in the
electron microscope the nuclei of the tumor
cells are large and granular and the mito-
chondria are filamentous, abundant, and
scattered throughout the cytoplasm. The endo-
plasmic reticulum is rough-walled and well-
developed. Ribosomes are also abundant
throughout the cytoplasm. The cell membranes
are relatively straight and closely approximate
one another. Desmosomes are few in number
and are poorly developed. The Golgi complex is
hypertrophied and located about the nucleus.
Melanosomes were present and located in the
region of the Golgi apparatus, They vary in
size from 0.2 to 1.0 p. in diameter and are en-
closed by a smooth-walled membrane. Often a
striated membrane is located in the center of
the organelle. Mature melanin granules are also
present and they too, range in size up to 1.0 p.
in diameter (Fig. 1).
Definite information concerning the locali-
zation of tritium label representing melanin or
insoluble monomer precursors was obtained at
the light microscopic level (Fig. 2). Auto-
radiographs at this level clearly indicate that
melanin synthesis has taken place in the cyto-
plasm and that none was formed in the nucleus.
Much more specific information concerning the
intracellular synthesis of melanin is obtained
from the electron microscopic autoradio-
graphs, where the identification of the incor-
porated label in the different regions of the cell
is easily accomplished (Figs. 3 and 4).
Advantage was taken of biochemical data
which revealed that "young" tumors were slow
to form melanin whereas "older" tumors were
more melanogenic (12). Thus the young tumors
were studied to determine the site of onset of
melanogenesis whereas in the present study the
older tumor group were injected and analyzed
to determine the pathways and fate of the
melanin or macromolecular precursors of mela-
nin. The location of tritium label in the
"young tumor" group at various time interva]s
following the injection of tritiated tyrosine and
dopa showed that by far the greatest activity
with respect to melanogenesis occurred in the
endoplasmie reticulum and the associated ribo.-
somes (13). These findings are in accord with
the biochemical determinations showing a low
level of tyrosinase activity, a slow rate of
melanin synthesis and a preponderance of im-
mature melanin particles (melanosomes) in the
young tumor group. No striking difference was
observed when either tritiated tyrosine or dopa
was used as the substrate.
The results following injection of tritiated
dopa into the animals bearing the older tumors
are given in table 1. These results again show
that by far the greatest activity with respect to
melanin biosynthesis occurs in the endoplasmic
reticulum and its associated ribosomes.
A number of control tissues were also exam-
med. The liver of mice injected with tritiated
dopa was essentially free of radioactive label,
while the liver from mice preinjected with
tritiated tyrosine showed label, probably repre-
senting protein synthesis.
Fie. 1. An electron micrograph of the control tumor. (The animal was not injected with
a tritiated substance). Mature melanin granules, as well as partially melanized and non-
melanized melanosomes are present. X 39,250.
Pie. 2. Photomicrographic autoradiograph >< 1500, Melanocytes from a Cloudman S-91
mouse melanoma (from a mouse injected 6 hours previously with tritiated dopa). Note the
absence of grains in the nucleus.
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Measurements of the various cell organdies
were made to relate the radioactive label, in
each cell compartment, to the relative propor-
tion of each of these compartments within
the melanocyte (relative specific localization).
It was shown by topographic planimetry that
the endoplasmic reticulum occupies 3.0%, the
Golgi complex 0.7%, the mitochondria 3.0%
and the melanin granules 0.4% of the area of
the melanocytes comprising this tumor (15).
To obtain the index of relative specific locali-
zation, one divides the amount of organelle
labeling by the relative amount of the given
organelle within the cell. The relative specific
localization index will be high for a given cell
organelle when that organelle is important in
the synthesis or flow of the metabolic product
under study, while the index will be low or near
unity for cell organdies not involved in the
particular biosynthetic reaction.
The indices for the specific localization of
iritiated dopa in the older tumors in a number
TABLE I
Distribution of Inhaled dopa label in older tumors
(per cent)
Cell Compartment
Days After Injection
Three Five
Endoplasmic reticulum and
ribosomes
Golgi apparatus
Melanosomes and melanin
granules
Mitochondria
Nucleus
73
11
0
3
5
36
13
33
5
4
TABLE II
Relative specific localization
(older tumor group)
Cell Compartment
Days After Injection
Three Five
24.3 12.0
15.7 18.5
0 82.5
0.9 1.5
0.2 0.1
Endoplasmic reticulum and
ribosomes
Golgi apparatus
Melanosomes and melanin
granules
Mitochondria
Nucleus
of cell organdies are illustrated in Table 2.
The data from this table show the importance
of the endoplasmic reticulum, Golgi zone and
melanin granule pathway in the biosynthesis
and flow of melanin in this tumor material.
DISCUSSION
The most rapid synthesis of melanin prob-
ably occurs in the pigmented melanoma;
hence this tissue was chosen for study. Although
melanomas differ widely with respect to melanin
synthesis the present findings should hold sig-
nificance for melanotic pigment cells in general.
Apparently it is only the rate of melanin bio-
synthesis and the rate of transport of pigment
from the endoplasmic reticulum to the melano-
some, which varies from tumor to tumor. The
first of these assumptions is corroborated by
the data of Blois and KaUman (16) who have
shown that various amelanotic, lightly pig-
mented, and deeply pigmented mouse melano-
mas all incorporate dopa-C14 into melanin, and
that incorporation is simply proportional to
the rate of melanin synthesis.
Specific information is obtained from study-
ing the autoradiographs of sections labeled
with tritiated dopa (Figs. 3 and 4). Inasmuch as
the more soluble molecules, such as the free
amino acids, are removed from the tissue during
fixation and dehydration (14), it is likely that
the tritiated dopa revealed in the autoradio-
graphs has been incorporated into melanin
molecules or their immediate insoluble p recur-
sons which are formed in the endopiasmic
reticulum. Although dopa is an auto-oxidizable
substrate, intracellular auto-oxidation of dopa
to melanin has been ruled out because of the
non-random distribution of labeled melanin
within the pigment cell and the absence of
label in the liver controls. The grains noted in
these specimens should then indicate the loca-
tion of melanin formation. Labeling was noted
early and was associated with the endoplasmic
reticulum. In fact it appears that the endo-
plasmic reticulum is a primary site for reac-
tions involving dopa in this particular tumor
(13) especially since topographic planimetry
revealed the endoplasmic reticulum to occupy
only 3.0% of the cell area. This strongly sug-
gests that tyrosinase is formed at the ribosome
level and is active in the endoplasmic reticu-
lum as well as in the melanosome.
Fm. 3. A section of melanoma fixed 6 hours after injection of tritiated dopa. The grains
are closely associated with the endoplasmic reticulum and the ribosomes. )< 33,000.
FIG. 4. Five days after injection the labeled dopa overlies the melanosomes and melanin
granules. X 57,000.
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In the study of older and more melanotic
tumors, 33% of the labeling was located in
the melanosomes and/or melanin granules five
days after injection of tritiated dopa with only
28% of the labeling being present in the endo..
plasmic reticulum. The latter suggests that
there is a progression of the label from the
endoplasmic reticulum to the melanin granule,
especially since measurement by topographic
planimetry showed that the melanin granules
occupy only 0.4% of the area within the melano-
cyte and the relative specific localization index
was 82.5. Relative specific localization, as de-
fined here, appears to furnish the most reliable
index of the relative importance of a given
organelle within the cell for a given metabolic
activity. The very low specific localization of
label in the nucleus and mitochuiidria appar-
ently eliminates these sites as taking part in
melanin synthecis in the pigment cell.
SUMMARY
High resolution autoradiography has shown
that initial melanin biosynthesis within tile pig-
ment cells of a variant of the Cloudman S-91
mouse melanoma occurs predominantly in the
endoplasmic reticulum and associated ribo-
riucleoprotein particles. By measuring a number
of cell organelles and employing the index of
"relative specific localization" it could also be
shown that the mitoehondria arc of little or no
importance in the process of melanogenesis.
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DISCtSSION
Dx. THOMAS B. FITZPATRICK, Boston, Mass.:
For a number of years I have been following
the work of Dr. Zelickson and his colleagues on
this problem of the site of melanin biosynthesis.
It has been difficult for me to visualize how
melanin biosynthesis could occur first on the
endoplasmic reticulum because the melanin
polymer is so huge that it could not be trans-
ported across a membrane. Takahashi and I
(unpublished) have been able to demonstrate
the presence of a dopa peptide on the melano-
some, Perhaps the dopa that has been injected
in vivo in Zelickson's experiments forms a dopa
peptide on the endoplasmic reticulum. We can-
not see any evidence of melanin on any organ-
dIes within the melanocyte before they have
reached the melanosome stage.
Dx. ALVIN S. ZELICKSON (in closing): Dr.
Fitzpatrick and his group have shown that
tyrosinase is present at the level of the ribo-
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somes and endoplasmic reticulum. There is also
no doubt that melanin granules are not seen in
the endoplasmic reticulum, although in studies
of the pigmented malignant melanoma, there is
a tremendous increase of osmiophilic material
within the endoplasmic reticulum. In the
early stages of our time sequence studies, the
label was located to a large extent at the level
of the ribosomes and endoplasmic reticulum. It
is our opinion that this label probably repre-
sents an insoluble monomer prior to polymeri-
zation rather than melanin itself, with move-
ment to and final polymerization occurring
within the melanosome. In conclusion, I wish to
again thank Dr. Fitzpatrick for his interesting
discussion of our paper.
